Resistance to extended-spectrum ␤-lactam antibiotics has led to a greater reliance upon carbapenems, but the expression of carbapenemases threatens to limit the utility of these drugs. Current methods to detect carbapenemase activity are suboptimal, requiring prolonged incubations during which ineffective therapy may be prescribed. We previously described a sensitive and specific assay for the detection of carbapenemase activity using ertapenem and liquid chromatography-tandem mass spectrometry (LC-MS/MS). In this study, we assessed 402 Gram-negative rods, including both Enterobacteriaceae and non-Enterobacteriaceae expressing IMP, VIM, KPC, NDM, and/or OXA carbapenemases, by using imipenem, meropenem, and ertapenem with LC-MS/MS assays. LC-MS/MS methods for the detection of intact and hydrolyzed carbapenems from an enrichment broth were developed. No ion suppression was observed, and the limits of detection for all three drugs were below 0.04 g/ml. The sensitivity and specificity of meropenem and ertapenem for carbapenemase activity among non-Enterobacteriaceae were low, but imipenem demonstrated a sensitivity and specificity of 96% and 95%, respectively, among all Gram-negative rods (GNR) tested, including both Enterobacteriaceae and non-Enterobacteriaceae. LC-MS/MS allows for the analysis of more complex matrices, and this LC-MS/MS assay could easily be adapted for use with primary specimens requiring growth enrichment.
R
esistance to ␤-lactam antibiotics among Gram-negative rods (GNRs) poses an increasingly severe clinical problem (1) (2) (3) . Among ␤-lactams, carbapenems are resistant to hydrolysis by most ␤-lactamases, but carbapenemases capable of degrading all ␤-lactam antibiotics have been found in GNR throughout the world (4, 5) . There are many different enzyme families that exhibit ␤-lactamase activity, and among related family members, enzymes can display ␤-lactamase, extended-spectrum ␤-lactamase (ESBL), or carbapenemase activity (6) . The diversity of genes involved and potential phenotypic discordance between highly similar proteins have limited the development of rapid tests capable of identifying ESBL-or carbapenemase-producing organisms to better direct therapeutic interventions.
Given the constantly evolving genetic diversity of ␤-lactamases, phenotypic methods that detect carbapenem hydrolysis remain the ideal approach to identify resistance. Unlike molecular methods, phenotypic assays for ␤-lactam hydrolysis do not require knowledge of the genetic determinants of resistance and are not affected by mutations in primer targets. However, conventional phenotypic methods require up to 18 h or more.
␤-Lactamase activity reliably leads to the hydrolysis of the ␤-lactam ring through the addition of H 2 O. We and others hypothesized that this mass change would be readily detectable by mass spectrometry (MS). Indeed, when examined by either matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS or liquid chromatography-coupled tandem MS (LC-MS/MS), hydrolyzed carbapenem antibiotics can be detected following incubation with carbapenemase-producing bacteria (7) (8) (9) (10) (11) .
Several groups have described the use of MALDI-TOF MS for the phenotypic identification of carbapenemase activity (8) (9) (10) (11) (12) (13) (14) (15) (16) . They have reported promising results, but MALDI-TOF MS is classically thought not to be well suited for small-molecule detection, and LC-MS/MS remains the gold standard method for smallmolecule detection and quantitation. LC-MS/MS methods have excellent analytical sensitivity, and chromatographic retention time, precursor ion mass, and product ion mass combine to confer excellent analytical specificity. Additionally, nearly all papers have examined the use of ertapenem, meropenem, or imipenem individually, and the ideal substrate for carbapenemase detection remains unclear. We previously described an LC-MS/MS method for the detection of hydrolyzed ertapenem, and we have expanded those studies to include a larger, more diverse set of bacterial isolates and the use of meropenem and imipenem (7) .
MATERIALS AND METHODS
Bacterial isolates. Clinical isolates selected for carbapenem and/or extended-spectrum cephalosporin resistance were obtained from health care facilities through material transfer. These were supplemented with commercially available isolates obtained from International Health Management Associates Inc. (IHMA; Chicago, IL) or ATCC (Manassas, VA).
The isolate set was assembled with the goal of maximizing enzyme and species diversity, and the number and type of isolates included were determined by their availability.
Phenotypic characterization of bacterial isolates. Antimicrobial susceptibility testing (AST) was performed by disk diffusion assay as described previously (17) . Disks were used as supplied (Thermo Scientific, Lenexa KS), or meropenem disks were supplemented with 3-aminophenylboronic acid (400 g) or EDTA (100 mM) for KPC or metallo-␤-lactamase screening, respectively (18) . CLSI document M100-S24 interpretive criteria were used to determine susceptibility, and the modified Hodge test was performed as described previously (17) .
Genotypic characterization of bacterial isolates. All clinical isolates were genotyped as previously described (7) . Briefly, genomic DNA from each isolate was purified using PrepMan ultra reagent (Life Technologies, Grand Island, NY) according to the manufacturer's protocol. Five microliters of genomic DNA and primers specific for the amplification of KPC, NDM-1, IMP, VIM, or OXA was added to 25 l of GeneAmp fast PCR master mix (Life Technologies, Grand Island, NY), and PCR was performed as described previously on a Mastercycler pro S system (7). The PCR mixtures were mixed with TrackIt cyan/orange loading buffer mix (Life Technologies, Grand Island, NY) and separated by gel electrophoresis on a 2% agarose gel containing the SYBR safe DNA gel stain (Life Technologies, Grand Island, NY). Gene-specific amplicons were visualized using the Safe Imager 2.0 (Life Technologies, Grand Island, NY).
LC-MS/MS methods for the detection of intact and hydrolyzed carbapenems. The AB Sciex Triple Quad 5500 (AB Sciex, Framingham, MA) triple-quadrupole MS/MS system was operated in multiple reaction monitoring (MRM) mode. Optimal source settings for each drug-metabolite pair were determined and are listed in Table S1 in the supplemental material. The quadrupole was set for detection of a single drug-metabolite pair at a time, and MRM transitions are listed in Table S1 in the supplemental material. HPLC separation of intact and hydrolyzed ertapenem, meropenem, and imipenem was performed using Kinetex pentafluorophenyl (Phenomenex, Torrance, CA), Phalanx (Higgins Analytical, Mountain View, CA), and Targa (Higgins Analytical, Mountain View, CA) columns as listed in Table S1 . All reagents were ultra-high-performance liquid chromatography (UHPLC)-grade and obtained from Sigma-Aldrich (St. Louis, MO). The total areas for all monitored peaks were integrated using the Analyst software package, version 1.6 (AB Sciex, Framingham, MA).
Detection of carbapenemase activity using mass spectrometry. A 2 McFarland (McF) bacterial suspension in 2.0 ml of MZB (M/Z Diagnostics, New Haven, CT) was prepared from isolated bacterial colonies of freshly subcultured overnight cultures on Columbia blood agar (Thermo Scientific, Lenexa, KS). Either ertapenem (Merck, Whitehouse Station, NJ), meropenem (Sigma-Aldrich, St. Louis, MO), or imipenem (SigmaAldrich, St. Louis, MO) was added to a final concentration of 4 g/ml.
Cultures were incubated at 37°C for 1 h in a shaking incubator. Twohundred-microliter aliquots of the mixture were added to 400 l of methanol (Sigma-Aldrich, St. Louis, MO) in microcentrifuge tubes. Bacteria and precipitated protein were separated by centrifugation at 16,000 ϫ g for 2 min. The supernatant was carefully removed, and 100-l aliquots were mixed with 500 l of deionized water for chromatographic-mass spectrometric analysis.
Five-microliter amounts of the solutions prepared as described above were injected onto appropriate LC columns using a Shimadzu Prominence UFLCXR LC system (Shimadzu, Columbia, MD), and analytes were detected with an AB Sciex Triple Quad 5500 MS/MS (AB Sciex, Framingham, MA) detector using the parameters described above. Total areas for the appropriate intact and hydrolyzed drug peak(s) were integrated using the Analyst software package (AB Sciex, Framingham, MA). The ratio of the total area of each hydrolyzed carbapenem metabolite and its corresponding parent carbapenem drug was used as an indication of carbapenemase activity. For all assays of carbapenemase activity, the noncarbapenemase-producing K. pneumoniae strain ATCC 1706 and the KPC-2-producing K. pneumoniae strain ATCC 1705 were included as negative and positive controls, respectively. ROC analysis. Receiver-operator curves (ROC) were calculated using GraphPad Prism (GraphPad Software, La Jolla, CA). Cutoffs were selected based on the lowest ratio cutoff that gave a specificity of at least 95%.
RESULTS

Development of LC methods for meropenem and imipenem.
We previously reported an LC-MS/MS assay for the detection of ertapenem hydrolysis from Enterobacteriaceae, but the performance of this assay was suboptimal for non-glucose-fermenting (NF) GNR expressing other carbapenemases (e.g., IMP, VIM, and OXA) (data not shown). We wished to develop an LC-MS/MS assay for carbapenemase detection that would be suitable for all clinically relevant GNR. We first determined the optimal tuning parameters for the detection of intact and hydrolyzed meropenem and imipenem on the AB Triple Quad 5500 MS/MS system. We manually tuned the source and MS/MS parameters by the infusion of a 0.1 g/ml solution of meropenem or imipenem in 100% methanol with 0.1% formic acid using an integrated syringe pump. At the time of development, there were no published MRM transitions for the detection of intact or hydrolyzed forms of meropenem or imipenem. The most abundant precursor/product ion pairs (optimal MRM transition) were m/z 384.1 ¡ m/z 68 for meropenem and m/z 300.1 ¡ m/z 142.1 for imipenem (data not shown).
For the detection of hydrolyzed meropenem and imipenem, a 0.1 g/ml solution of chemically synthesized hydrolyzed metabolites (ϩ18 Da form), m/z 402 and m/z 318.1, respectively (provided by Babu Purkayastha, personal communication), were also used for tuning MS parameters. During MS/MS analysis, the primary product ions detected for hydrolyzed meropenem and hydrolyzed imipenem were 358 Da and 103 Da, respectively. Thus, the final MRM transitions used for the detection of hydrolyzed meropenem were m/z 402 ¡ m/z 358 (data not shown), and those for hydrolyzed imipenem were m/z 318.1 ¡ m/z 103 (data not shown). The chromatographic parameters for the separation of intact and hydrolyzed meropenem and imipenem are shown in Table S1 in the supplemental material, and representative chromatograms are shown in Fig. 1 .
To exclude the possibility of negative matrix effects on the ionization of analytes, we performed ion suppression studies using a blank matrix injected from the LC, while a mixture of intensity-matched intact and hydrolyzed meropenem or imipenem was introduced by direct infusion from a syringe pump. No significant ion suppression was observed for the meropenem/hydrolyzed meropenem or the imipenem/hydrolyzed imipenem in their retention time windows (see Fig. S1 in the supplemental material).
Optimization and retrospective validation of the assay. To develop a robust assay for the detection of carbapenemase activity from GNR colonies, we optimized the assay parameters, including but not limited to broth composition (e.g., tryptic soy broth, Mueller-Hinton broth, or 0.45% NaCl), additives (e.g., lysozyme, detergents, or cations), drug concentration (2, 4, 10, or 20 g/ml), incubation temperature (35, 37, or 42°C), incubation time (1, 2, 4, or 8 h), and bacterial inoculum (0.5, 2, 4, or 8 McF) (data not shown). The effects of varying these parameters were investigated using a set of 10 isolates known to be positive or negative for carbapenemase expression. Among carbapenemase-positive isolates, the diversity of hydrolysis activity was sought (data not shown). The final protocol uses a 2 McF suspension from fresh bacterial colonies prepared in MZB (based on Mueller-Hinton broth and developed in-house) and supplemented with a carbapenem at a physiologic concentration (e.g., 4 g/ml ertapenem, meropenem, or imipenem). After 1 h of incubation with shaking at 37°C, a 200-l aliquot is diluted 1:3 with methanol and centrifuged to remove precipitated protein, and the supernatant loaded onto the LC-MS/MS system (Fig. 2) .
Using the incubation and LC-MS/MS protocols developed as described above, we compared the efficiency of carbapenem hydrolysis of ertapenem, meropenem, and imipenem by a set of 402 bacterial isolates (Table 1) that had been characterized for carbapenemase and ESBL genes by PCR, conventional AST by disk diffusion, phenotypic carbapenemase expression by the modified Hodge test (MHT), and AmpC detection by a double-disc synergy test, presented to the operator in a blinded fashion (19) . Visual inspection of all the chromatograms revealed that the sensitivity values of the assay using ertapenem and meropenem were significantly lower than its sensitivity values using imipenem. For example, many carbapenemase-expressing isolates, including IMP-18-positive P. aeruginosa, VIM-27-positive K. pneumoniae, and OXA-24-positive A. baumannii, failed to efficiently hydrolyze either ertapenem or meropenem (Fig. 3A and B) , while imipenem hydrolysis was readily observed (Fig. 3C) . The hydrolysis ratio, defined as the calculated ratio of hydrolyzed drug peak area and intact drug peak area for each isolate, was compared with the predicted outcome; an isolate was classified as "true positive" if either (i) a known carbapenemase gene was detected by PCR and sequence verified or (ii) carbapenemase activity was detected in the MHT (7). The hydrolysis ratios for all isolates ranged from 0.00 to Ͼ100 for meropenem and from 0.02 to Ͼ100 for ertapenem and imipenem (Fig. 4A to C) . Based on receiver-operator characteristics, optimal thresholds for positivity were established (Fig. 4D to F) , and the cutoff, sensitivity, and specificity values for all isolates, Enterobacteriaceae, and NF GNR are listed in Table 2 . Using the cutoffs determined as described above, imipenem demonstrated the greatest sensitivity for the detection of carbapenemase activity for the entire population of GNR, as well as for both Enterobacteriaceae and NF GNR when analyzed separately.
Notably, of a total of six isolates (five Enterobacteriaceae isolates, including four Enterobacter sp. and one Escherichia coli isolate, and one Burkholderia cepacia isolate) that were positive by MHT and negative by PCR for the five major families of carbapenemase genes, all six were positive in the imipenem assay while only one and four were positive in the meropenem and ertapenem assays, respectively. These isolates presumably express one of the less commonly encountered carbapenemase genes.
DISCUSSION
A number of studies have described the use of MS instruments to detect carbapenemase activity. Most of these studies have used g/ml carbapenem is incubated for 1 h with shaking at 37°C. A 200-l aliquot is taken and added to 400 l methanol. This is centrifuged for 2 min at 16,000 ϫ g, and 100 l of supernatant is combined with 500 l of H 2 O for LC-MS/MS analysis.
MALDI-TOF MS instruments, but they have varied by instrument type, carbapenem used, incubation conditions, and interpretive criteria, among other factors (8) (9) (10) (11) (12) (13) (14) (15) (16) . Additionally, three studies have reported the use of LC-coupled MS analysis of carbapenemase activity either with a single-stage instrument or as tandem MS with a second-stage quadrupole or orbitrap (7, 11, 20) . All of these factors can interact to affect assay performance, and the current study has several unique features compared to the previously published work. Burckhardt and Zimmermann and Hrabák et al. first reported the use of MALDI-TOF for carbapenemase detection from isolated bacterial colonies, using ertapenem and meropenem, respectively (8, 9) . Both reported excellent sensitivity and specificity for carbapenemase detection, but neither included Acinetobacter spp. and OXA carbapenemases. Kempf et al. used imipenem to study 149 bacterial isolates, including 63 OXA-producing A. baumannii isolates, and they reported 100% sensitivity and specificity at 4 h (12). Additional studies using ertapenem and meropenem have also reported good sensitivity and specificity for the detection of OXA activity (11, (13) (14) (15) 21) .
We found that both ertapenem and meropenem lacked sensitivity for the detection of OXA, IMP, and VIM activity, especially among non-Enterobacteriaceae. This difference is likely due to differences in incubation protocols, including broth, inoculum, and time, rather than differences between LC-MS/MS and MALDI-TOF. Indeed, the analytic sensitivity was 40 ng/ml for all of the methods developed for intact ertapenem and intact and hydrolyzed meropenem. We found that incubation for longer time periods (up to 4 and 8 h) and the use of higher inocula increased the sensitivity of detection with these drugs (data not shown), but imipenem demonstrated superior performance under all conditions tested, including following a 1-h incubation.
The effective use of MALDI-TOF MS for the detection of intact and hydrolyzed ␤-lactam antibiotics is somewhat surprising. LC-MS/MS is considered the gold standard method for small-molecule detection, and its performance is well suited to the detection of small amounts of compounds present in highly complex matrices, such as serum or bacterial growth broths. To achieve the level of performance reported, carbapenemase assays using MALDI-TOF MS require the use of high bacterial inocula (exceeding 8 McF in most cases), high drug concentrations (10-to 100-fold higher than used here), and simple incubation broths (0.45% saline and/or 20 mM Tris-HCl). Despite these limitations, the performance of MALDI-TOF for carbapenemase detection from isolated colonies seems quite effective.
No studies of MALDI-TOF have investigated the analytic performance of the instruments for the detection of small molecules, Chromatograms for parent drug (black solid trace) and hydrolyzed metabolite (gray dashed trace), obtained by performing the carbapenem hydrolysis protocol for 1 h using the indicated bacteria, are shown for ertapenem (A), meropenem (B), and imipenem (C). The non-carbapenemase-expressing (K. pneumoniae None) and KPC-2-expressing (K. pneumoniae KPC-2) K. pneumoniae strains were ATCC 1706 and ATCC 1705, respectively. The other isolates were newly described clinical isolates in this study. For clarity, only the relevant time window is shown. The calculated ratio of each hydrolyzed metabolite and parent drug is shown.
and most have relied solely upon the disappearance of intact carbapenem to classify an isolate as positive. Additionally, the effects of ion suppression on carbapenem detection have not been reported for MALDI-TOF, and this could be particularly important when test interpretation relies upon the lack of detection of a compound. In several studies, the matrix peak has been used as an internal standard, but the chemical differences between MALDI matrix and carbapenems are substantial, and differential ionization effects may not be effectively determined without an appropriate internal standard. Our method has a lower limit of quantitation of 0.02 g/ml for both intact and hydrolyzed imipenem, and this allows for strict quantitative criteria to be developed for classification as carbapenemase positive or negative. Indeed, ours is the first study to perform ROC analysis to objectively determine optimal, quantitative cutoffs for isolate classification. Kempf et al. used a require- (12, 14) . Finally, in a study using LC-MS/MS, 18 O-isotopically labeled internal standard was generated that allowed a quantitative cutoff to be generated based solely upon the amount of hydrolyzed meropenem detected (20) . Regardless of the methodology used, strict quantitative criteria and the use of isotopically labeled internal standards will likely be required for wider implementation of MS-based detection of ␤-lactamase activity.
MALDI-TOF has been used to detect carbapenemase activity from positive blood cultures, but an enrichment step may be required for the timely detection of ␤-lactamase activity from other primary specimens, including surveillance swabs, urine cultures, or wound specimens (10) . Depending on local trends, carbapenemase expression may contribute little to observed resistance to carbapenems, and traditional phenotypic antimicrobial susceptibility methods would be required to capture all resistance. In this sense, carbapenemase activity assays would simply be an adjunct to traditional testing, reducing the time to detection by 18 h or more.
